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Abstract 
The purpose of an automatic fire detection system is the fast and reliable detection of arising fires in order to keep damage as low as 
possible. The European Standard EN54 defines a series of tests to prove and certify the functionality of smoke detectors, i.e. to prove that 
the detector is able to detect a fire in a prescribed period of time. Unfortunately the complex task of avoiding false alarms is not 
completely addressed. In contrast to the well standardized methods for the evaluation of the detection capability of a smoke detector, there 
is a lack of a reproducible and representative test method concerning the false alarm susceptibility with regard to nuisance aerosols. The 
consequences of false alarms should not be underestimated, as they may cause costs to serve the operator, especially in airborne 
applications. Many false alarms are caused by construction works in the surrounding of smoke detectors. For that reason several dust 
sources have been analyzed. Several approaches are possible and have been implemented to reduce the false alarm susceptibility of 
optical smoke detectors caused by dust and steam, e.g. different wavelengths and scattering angles. Unfortunately the developer has no 
representative test methods to quantify improvements and to point out the false-alarm resistance with e.g. a seal of quality due to new 
developments. Important is the knowledge of dust and steam properties such as the particle size distribution in comparison to particle size 
distribution of smoke of a fire. This paper presents a new approach for the test of smoke detectors regarding their susceptibility to false 
alarms due to nuisance aerosols, like steam and dust. The presented test apparatus is a very helpful and important tool for developers as 
well as for test houses during the developing and certification process. System designer will have a quantitative decision criterion to find 
the optimal detector for a specific place of installation. The paper compares the analysis of dust properties caused by construction works 
with standardized test dusts and shows how to solve the problem. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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1. Introduction 
The purpose of an automatic fire detection system is the fast and reliable detection of arising fires in order to keep 
damages as low as possible. In most applications a fire will first develop as a smouldering fire, often producing smoke and 
combustion gases over hours before a visible flame arises. Thus, commonly smoke detectors are implemented which are 
able to detect small concentrations of smoke in the monitored atmosphere. However, during its “fire-free” lifetime a smoke 
detector is not only exposed to clean air. Dust, steam, fog and other aerosols may pollute the monitored air and cause a false 
alarm if the detector is not able to distinguish them from smoke. False alarms can be very costly, as they may e.g. cause the 
interruption of the production line or force a pilot to an emergency landing at the next airport. 
According to the statistics of the Duisburg Fire Brigade, only 16% of the emergency calls of automatic fire alarm 
systems were triggered by real fires [1]. Further on it is noteworthy that in 44% of the cases the detector indeed worked 
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correctly and activated an alarm due to a monitored aerosol, which however was not smoke. The implemented detectors 
were not able to distinguish smoke from other aerosols. The main aerosols that contribute to the big number of false alarms 
are dust (around 9.3%) and water steam (around 9.8%). However, in special cases, this number could be much higher: 
Causes for about 60% of hotel alarms in Frankfurt were reported to be extended showering and extended damping of 
clothing in bathrooms.  
In airborne applications this situation is even worse. Due to the high safety standards in aviation, any fire in the cargo 
compartment of an airplane has to be detected within only 60 seconds. This leads to highly sensitive detectors with low 
alarm thresholds, but it unfortunately also implicates a high number of false alarms. Actually the false alarm rate is about 
100:1, i.e. out of 100 alarms, only one is a real fire [2]. 
In the recent years great progress has been made in order to reduce the susceptibility of smoke detectors to nuisance 
aerosols. However, for the user which integrates these new generation detectors the problem of comparing and qualifying 
the different technologies arises. In contrast to the well standardised methods for the evaluation of the detection capability 
of a fire detector, there is a lack of reproducible and representative test methods concerning the false alarm susceptibility. A 
quality test in dust environments is certainly as important as the function test, as it will point out the clear advances of high-
end products over simpler products and this could help in a continuous quality assurance. 
This paper presents the recent work on the analysis of dust, fog and steam properties for the development of test methods 
for determining the sensitivity of smoke detectors to non-fire aerosols. This includes the knowledge of properties of 
nuisance aerosols, relevant rise rates of dust and steam concentration and thresholds. Unfortunately, the topic of most papers 
and studies are nanotechnologies, particulate matter and health effects. Literature research showed that only few papers deal 
with the particle size distributions of construction works and the time dependent behaviour of dust concentrations. For this 
reason an extensive measuring campaign was necessary. The presented data show the dust density, the particle size 
distribution and the timeline of the development during different simulated construction works. The knowledge of these data 
is important for defining the specifications for a reproducible test method. The project has been initialized by Airbus and 
several manufacturers of optical smoke detectors and can contribute to a test standard and a possible seal of quality as 
decision guidance for the design of an automatic fire detection system or the proper selection of a manufacturer or detector 
type respectively. Focus of the developed test is the susceptibility of smoke detectors to dust, one of the major sources of 
false alarms in airborne applications. Also the test of fog, steam and sprays in the developed set-up is being evaluated. 
2. Sources and properties of dust 
One of the key factors when designing an applicable and realistic dust test method is the type of dust to be used. For this 
reason adequate knowledge of dust properties is necessary. The impact of dust was underestimated for a long time. In the 
last years an increasing interest in the environmental factor of dust became of essential significance. Due to the influence on 
health the impact of dust within the climate and global ecological system is of particular importance. Methods of 
measurement allow characterizing dust and its fluctuation with highest accuracy, leading to the knowledge that larger 
particles (larger than 100 m) including room dust, coarse sand and soot aggregates fall out quickly. Medium-size particles 
in the range 1 m to 100 m settle out slowly (e.g. pollen, fly ash, coal dust, fine sand). Small particles (less than 1 m, e.g. 
soot and tobacco smoke) fall even more slowly. In a quiet atmosphere it takes days up to years for dust to settle out and it 
can be carried over distances of more than 1000 km, but it can be washed out by rain very quickly [3].  
Aerosols can be classified depending on their size [4]. PM10 (particulate matter) is understood to be the total volume of 
particles with an aerodynamic diameter  10 μm. These particles will pass through the nose and reach the lungs. The shape 
of the dust particles can be very complex with sharp edges and rough surfaces compared to a spherical shape. The 
aerodynamic particle diameter describes the sedimentation as well as deposition characteristics and health effects.  
Table 1. Material and tools for the performed measuring campaign. 
Material Tools for work Material Tools for work 
Glued Laminated Timber (Glulam), spruce wood Belt sander Concrete block Angle grinder 
Glued Laminated Timber (Glulam), beech wood Belt sander Brick (red) Angle grinder 
Gypsum wallboard Belt sander Cement Hair dryer 
Cellular concrete Angle grinder Cellular concrete Twist drill for power sockets 
Lime sand brick Angle grinder Lime sand brick Twist drill for power sockets 
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Aim of most studies is the maximum allowable concentration of dust for the description of the impact on health and 
safety aspects in the workplace and not the impact on false alarms of optical smoke detectors. But many false alarms are 
caused by construction works in the surrounding of smoke detectors. For that reason several dust sources have been 
analyzed (see Table 1) in an extensive measurement campaign. The particle size distribution was measured by the HELOS 
analysis system by Sympatec Corporation. The HELOS system (Helium-Neon Laser Optical System) is using laser 
diffraction and analyzes particle size distribution by Fraunhofer diffraction. The system is shown in Fig. 1. During the 
measurements the aerosols are inserted in the measuring zone and exhausted by a cyclone. The insert is oriented vertically 
to the laser beam, which is diffracted by the aerosol. The diffraction patterns are measured by the system and converted to 
the particle size distribution. Important for the classification of the particle size are the cumulative distribution, volume 
distribution Q3 and the density distribution q3 [5] as a result of the measurement.  
 
Fig. 1. The measuring system HELOS by Sympatec Corp. [6]. 
The system can be used for dry and wet samples, i.e. of powders, dust, sprays or steam. The measuring range is adapted 
to particles bigger than 0.5 μm allowing the analysis of wide size distributions at highest precision, high time resolution and 
guaranteed reproducibility [6]. The speed of the aerosol has no effect on the measurement. 
3. Description of the performed measurement campaign 
All measurements were performed in two construction tents with a footprint of 3 m by 3 m and 6 m by 3 m respectively 
with 2 m to 2.7 m height. The particle size distribution of different dust sources was measured as well as the time-dependent 
dust density variations. Dust density was measured with the EN54 reference measuring device MIREX (Measuring InfraRed 
EXtinction) [7] mounted close to the HELOS system at the level 2 m, see Fig. 2.  
 
Fig. 2. (a) Construction tent; (b, c) measuring devices MIREX and HELOS.  
 
Fig. 3. Construction work with (a) a belt sander; (b) an angle grinder; (c) a twist drill for power sockets. 
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The measuring section has the length of 32 cm in case of the HELOS system and 40 cm in case of the MIREX system. 
Working on wood, gypsum wallboards and different bricks is shown in Figs. 3 and 4. The working distance to the 
measuring devices was about 1.6 m and 4 m respectively. No filter or dust collection systems were used. The period of 
measurement was up to 4 minutes per test. Three examples of the behavior of the dust concentration during grinding a 
concrete block, grinding a red brick and blowing up clouds of cement at a distance of 4 m to the measuring devices are 
shown in Fig. 5. The reproducibility is shown by two test results in each figure. The time-dependent behavior was a ramp in 
the majority of cases. With the exception of working with gypsum wallboards the slew rate of the measured dust density 
was within the range of about 0.5 dB/m min. 
 
 
Fig. 4. (a) Sanding spruce wood; (b) grinding a red brick; (c) blowing up clouds of cement dust. 
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Fig. 5. Dust concentration during (a) grinding a concrete block; (b) grinding a red brick; (c) blowing up clouds of cement.  
The particle size distribution can be displayed as a table or a diagram. In the simplest case, one can divide the range of 
measured particle sizes into size intervals and sort the particles into the corresponding size class [6]. For a given particle 
size x, the value Qr(x) represents the cumulative distribution of the particles smaller than x. The value qr(x) is the 
corresponding distribution density. Possible indices are e.g. r=0 for the number distribution or r=3 for the mass and volume 
distribution. Fig. 6 shows an example for the distribution density of particles sizes during sanding spruce wood with 
different distances to the measuring device. 
Fig. 6. Sanding spruce wood: (a) distribution density q3 in 1.6 m distance; (b) distribution density q3 in 4 m distance. 
(a) (b)
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Each figure (e.g. Fig. 6(a)) shows the result of 1 minute measuring time. Many measurements during the measuring time 
of one minute lead to a lot of graphs within one diagram. The distribution density comparison shows quite clearly that 
sedimentation is responsible for sliding the maximum of the distribution to smaller values at an increase of the distance 
from the dust source to the measuring device. During all performed tests particles were blown into the air with high speed 
leading to many particles being bigger than 100 μm. The sedimentation velocity of particles is proportional to the square of 
the particle size and depends on the density, turbulences and temperature, too. The measured particle sizes and their median 
are less than 360 μm, see Table 2. Based on the mass 90% of the particles are smaller than 200 μm. Relevant for the design 
of a test procedure and the choice of test dust type are those distributions with a bigger distance from the source of dust 
because it is more likely in reality.  
Table 2. Medians of the measured particle size distribution (PSD) in 4 m distance. 
Material Tool 10% of the particles
smaller than .. μm 
90% of the particles
smaller than .. μm 
99% of the particles 
smaller than .. μm 
Spruce wood Belt sander 5 123 200 
Beech wood Belt sander 13 110 203 
Gypsum wallboard Belt sander 3 50 80 
Cellular concrete Angle grinder 8 79 145 
Lime sand brick Angle grinder 9 199 358 
Brick (red) Angle grinder 7 80 187 
Concrete block Angle grinder 7 86 227 
Cement Hair dryer 6 39 86 
Cellular concrete Twist drill 9 53 97 
Lime sand brick Twist drill 7 45 97 
Dolomite 90 Grading 2 50 100 
4. Test dust for non-fire sensitivity testing of optical smoke detectors  
Four grades of test dust (A1 to A4) including dust description, designation, particle size distribution, particle size 
analysis procedure, and chemical content are specified in ISO 12103-1 [8]. The intent in producing a separate standard for 
the description of test dust was to provide a simple and accurate reference for use in other standards or documents where 
test dust use is required [9]. In order to avoid health hazardous substances such as quartz, DMT dolomite mineral is used. 
This quartz-free material has a standardized grain size distribution [10]. Fig. 7(a) shows the volume fraction of the DMT 
Dolomite 90 test dust.  
  
Fig. 7. (a) Volume fraction (%) of dolomite 90 test dust [10]; (b) dust tests in an emulated cargo compartment in the Duisburg fire lab. 
Percent
Passing
(%)
Particle Size ( μ m)
Passing 
(a) (b)
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ISO test dusts cover the range in the limit from 1 μm to 10 μm size and 100 μm, respectively. However the volume-
weighted amount of particles smaller 1 μm typically is lower than 3.5%. Dust close to drilling rigs, cement and desert dust 
show much more particles < 1 μm as specified in ISO 12103-1. Dolomite 90 test dust consist of particles in the same range 
as the ISO test dusts but the volume-weighted amount of particles smaller 1 μm is about 20%. 
5. State-of-the-art in dust testing 
Of course, all of these measures require a careful design and thorough testing. But when it comes to testing, R&D 
engineers are somewhat left alone [11]. The EN54 specifies a lot of fire tests and environmental tests but nuisance aerosol 
tests have never been included. Some years ago the fire detection research team at the University Duisburg-Essen was 
confronted with the question, how to set up reliable dust tests for the testing of fire detectors in aircraft. The first solution 
was to use a commercial dust generator which was applied in a kind of full scale test in the universities fire lab (Fig. 7(b)) 
and in a cargo-bay mock-up in the city of Trauen, Germany (Fig. 8(a)). Later non-fire tests were carried out in the EN54 
smoke duct (Fig. 8(b)). A big drawback of all these tests is the large volume, thus a significant amount of dust is required 
for usable dust concentrations. To clean the fire lab e.g. took nearly a week and it was of course a very dirty job. Therefore 
it was necessary to develop a new test chamber. 
 
  
Fig. 8. (a) The cargo-bay mock-up in Trauen; (b) EN54 smoke duct. 
6. Test apparatus for the evaluation of the behavior of smoke detectors in non-fire situations  
The presented test apparatus is a consistent further development and re-design of a first test duct as described in [12] and 
[13]. In order to avoid strong fluctuations of the flow velocity and flow direction, a test apparatus set-up has been developed 
in the form of a closed duct with a rectangular profile similar to the EN54 test duct. The duct consists of two concentric  
150 mm high stainless steel rings with a diameter of 300 mm and 600 mm respectively, resulting in a mean path length of 
about 1.8 m. The ceiling and floor of the duct are closed by two plastic plates, which are coated with stainless steel. The 
achieved cross-section of the duct is 150 mm × 150 mm.  
Fig. 9 outlines the developed test duct. The compact design of the new test duct provides a portable device with little 
weight. The duct is easy to clean because of the very small volume (about 40 l) and the smooth surface. The visualisation 
and data conversion is done by LabView-based software. 
 
Fig. 9. Test apparatus: (a) outer view; (b) inside view with some details; (c) socket for mounting detectors. 
(a) (b)
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Controlled and reproducible dust dispersion is performed by a powder disperser. The dust powder has to be filled into a 
cylindrical reservoir and is transported onto a rotating brush. Dispersing air streams over the brush and pulls the powder out 
of the brush. Dosing is performed using the precisely controlled feed rate of the feed piston. The low volume allows the 
reduction of the used aerosol quantity. 
The test scenario for the non-fire case is similar designed to functional testing according to EN54. The standard 
prescribes a light extinction measurement in the near-IR range for the test of smoke detectors based on the light scattering 
principle. The evaluated measurement parameter is the amount of light loss (due to extinction) normalized by the 
measurement path, i.e. the extinction module expressed in dB/m and the light obscuration in %/m. However, the extinction 
path in the new duct is about 2.5 times shorter than the path in the EN54 duct. Due to the small cross-section and the need 
for very precise extinction measurement, the extinction measuring device Lorenz AML [14] had to be adapted. The AML is 
an approved reference measurement system for EN54 tests and consists of a transmitter / receiver module and a reflector. 
The channel only requires two opposite-facing windows with a diameter of at least 70 mm.  
Due to the small volume another deciding factor was the development of a reproducible and in a wide range adjustable 
slow and precise aerosol feeding. The already precise control of the aerosol generator had to be extended by an adjustable 
chopper placed just before the aerosol inlet which reduces the amount of dust entering the duct [13]. The chopper (an 
electromagnetic valve) is controlled by a PC and therefore different slopes of the concentration can be preset. Due to the 
high chopping frequency and the low-pass properties of the duct the slopes are still linear. In the new apparatus, the detector 
is mounted at the duct ceiling, as required by manufacturers. A turnable socket holder enables the measurement of the 
directionality property of smoke detectors. 
Several tests with dolomite sand < 90 μm were performed, varying all parameters of the powder disperser to realise a 
slow and linear increase of dust concentration over time. To perform dust tests, solid cleaning of all devices at the beginning 
is required; otherwise, it is possible to have a large dust cloud when starting the test procedure causing biased results. 
The airflow in the duct is generated by an encapsulated motor with a mounted airscrew giving a flow velocity between 
0.2 m/s and 1 m/s as required by the EN54 [15] for the test of detectors when using atomised paraffin oil.   
7. Aging process inside the test apparatus  
In order to find a “typical” ramp, the mean increase of the aerosol concentration in the dust scenarios has been calculated. 
The resulting curve (see Fig. 10, blue curve) of the extinction mExt [dB/m] shows a non-linear behaviour. The behaviour of 
the extinction mExt [dB/m], measured by the MIREX, is proportional to the number of particles n multiplied with the 
extinction cross-section CExt. Thus a linear increase of mExt is expected if the dust production is constant. The non-linear 
trend of mExt can be explained by the aging of the aerosol, i.e. the sedimentation. This effect could also be reproduced with 
the developed test apparatus, where a constant dust supply is provided (see Fig. 11(a)). 
 
Fig. 10. Typical increase of the dust concentration of measurements, see chapter 3. 
It's well known that particles > 100 m such as house dust, coarse sand and soot particles settle down very fast, middle 
sized particles (1 m ... 100 m), e.g. pollen, fly ash, coal dust and fine sand, settle down slowly. In general the 
sedimentation velocity of airborne particles is strongly dependent on their size [16]. A particle of 10 m settles about 5 mm 
in 1 s, a particle of 1 m settles about 0.1 mm in 1 s and a particle of 0.1 m settles about 0.05 mm  
in 1 s. Simulations of the optical extinction were performed, where the effect of sedimentation has been considered. The 
resulting curve, shown in Fig. 11(b), confirms that sedimentation is the major reason for the non-linear increase of the 
extinction mExt. 
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Fig. 11. (a) Measured dust density of four tests; (b) theoretical slope and simulation of particle aging inside the test apparatus.  
In order to linearise the increase of the optical extinction mExt a controlled dust supply was implemented. Thus a similar 
behaviour as prescribed by the EN-54 could be achieved. 
8. Proposal draft for determining the response behaviour of optical smoke detectors  
Following EN54 tests measuring the directionality or the response behaviour of an optical smoke detector the increase of 
the aerosol concentration has to be within the following limits [15] 
0.015 ≤ Δm / Δt ≤ 0.1 (dB/m min)  (1) 
The slew rate of the smoke density in the EN54 test duct typically is set to be about 0.06 dB/m min. An example of  
3 paraffin oil measurements in the EN54 test duct is shown in Fig. 12(a). The achieved linearity is a precondition for 
performing dust tests in a similar manner as smoke tests according to EN54. The increase of the dust concentration could be 
within the following limits 
0.05 ≤ Δm / Δt ≤ 0.07 (dB/m min) (2) 
Fig. 12(b) shows the measured extinction of several dust tests with controlled dust supply to simulate a slowly increasing 
dust exposure of the optical smoke detector.  
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Fig. 12. (a) Paraffin oil measurement in the EN54 test duct; (b) extinction measurement inside the new test apparatus with controlled dust supply. 
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In addition to the slow increase of the dust concentration a second test is reasonable. The result of the specified 
measuring campaign was a much faster increase of the dust density compared with the EN54 values, see Fig. 10. A possible 
second slew rate is proposed to be 0.5 dB/m min. The increase of the dust concentration for the simulation of a fast 
increasing dust concentration is reasonable within the following limits 
0.4 ≤ Δm / Δt ≤ 0.6  (dB/m min) (3) 
End of test for both tests is an alarm by the detector or a maximal dust concentration such as 2 dB/m. The performed dust 
tests show no considerable difference of dust support and extinction within the limits of 0.2 m/s to 1 m/s. For this reason it 
makes sense to use 1 m/s flow speed in order to provide better penetration properties for ordinary smoke detectors.  
For specifying environmental conditions it is important to study the behaviour of dust properties. Following EN54 
specifications it is necessary to define a temperature range as well as a range for the relative humidity. A lot of 
environmental tests have been performed and show no significant differences related to the dust supply and the measured 
extinction. Initial values for proper conduct of a valid dust test defining the response behaviour of optical smoke detectors 
can be (23 +/- 5) °C for the temperature and (55 +/- 15)% for the relative humidity. 
9. Conclusion and outlook 
In contrast to the well standardized methods for the evaluation of the detection capability of an optical smoke detector, 
there is a lack of reproducible and representative test methods concerning the false alarm susceptibility. A first step to fill 
this gap was done by the development of a test apparatus for the evaluation of the behavior of smoke detectors in non-fire 
situations. Tests have shown sufficiently linear and reproducible data. The analysis of dust properties caused by construction 
works in comparison with standardized test dusts showed that Dolomit 90 as test dust is a good solution. The duct gives a 
qualitative statement on the sensitivity of the tested detector regarding nuisance aerosols. This will allow analyzing the 
efficiency of new detector designs by manufacturers and test labs guaranteeing a constant optimization and constructive 
quality assurance. On the other hand the presented test can lead to a seal of quality for optical smoke detectors pointing out 
the already achieved high false-alarm resistance of high-end smoke detectors. Testing with steam, fog, sprays and other 
aerosols are planned in order to evaluate smoke detectors in other possible non-fire scenarios.  
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